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INTRODUCTION 

Coal i s  composed of a complex, he t e rogeneous  m i x t u r e  of p l a n t  r e s i d u e s  whose 
chemica l  conpos i t i on  h a s  heen t h e  s u h j e c t  of r e s e a r c h  f o r  t h e  p a s t  70 y e a r s  ( 1 ) .  
The work o f  van Krevelen  and Schuyer ( 2 )  has  i n  r e c e n t  y e a r s  been t h e  p i n n a c l e  of  
o u r  unde r s t and ing  of i t s  chemica l  s t r u c t u r e .  Recent renewed i n t e r e s t  i n  conve r s ion  
p r o c e s s e s  f o r  c o a l  a l o n g  wi th  t h e  a v a i l a b i l i t y  o f  new a n a l y t i c a l  t echn iques  have 
s t i m u l a t e d  i n t e n s i f i e d  r e s e a r c h  (1). 

t h a t  any whole c o a l  i s  conposed o f  mace ra l s  o f  w ide ly  d i f f e r t n g  compos i t ions  and 
chemica l  s t r u c t u r e s .  Thus, a l t h o u q h  r e p r e s e n t a t i o n s  of  a n  ave rage  model f o r  c o a l  
( 3 )  i n  te rms  of t h e  t y p e s  of c o n s t i t u e n t  molecules  may be u s e f u l  from a broad 
s t a t i s t i c a l  v iew,  such s t r u c t u r a l  models cannot  he  c o n s i d e r e d  r e p r e s e n t a t i v e  f o r  a 
whole c o a l  o r  even  a p a r t i c u l a r  mace ra l  o t h e r  t han  v i t r i n i t e .  It h a s  been par- 
t i c u l a r l y  mis l ead ing ,  t h e r e f o r e ,  t o  d e p i c t  c o a l  as a hydroaromat ic  s t r u c t u r e  i n  
w5ich a l i p h a t i c  groups  a r e  connec ted  t o  a r o m a t i c  g roups  on t h e  b a s i s  of  r e l a t i v e l y  
meager d i r e c t  ev idence .  

Hatcher  ( 4 )  sugges t ed ,  on t h e  h a s i s  of PNP, s t d i e s ,  t h a t  t h e  a l i p h a t i c  s t r u c -  
t u r e s  i n  c o a l  may a c t u a l l y  he  m o l e c u l a r l y  d i s t i n c t  c o n s t i t u e n t s  d e r t v e d  from sources  
o t h e r  t han  v a s c u l a r  p l a n t s  and not  chemica l ly  bound t o  t h e  a romat i c  s t r u c t u r e  of 
which c o a l  i s  main ly  composed. l l aya t su  ct. ( 5 )  reached  t h e  same conc lus ions .  
On t h e  h a s i s  of d i f f e r e n t  PP4R r e l a x a t i o n  d a t a  f o r  nuc le i .  of a romat i c  and a l i p h a t i c  
s t r u c t u r e s ,  S u l l i v a n  and Macie l  ( 6 )  sugges t ed  t h a t  c o a l  may c o n t a i n  a romat i c - r i ch  
and a l i p h a t i c - r i c h  domains t h a t  a r e  s p a t i a l l y  d i s t i n c t .  l l a t che r  and h i s  co-workers 
(7 )  f u r t h e r  sugges t ed  t h a t  t h e  a l i p h a t i c  s t r u c t u r e s  i n  c o a l  and i t s  p r e c u r s o r ,  p e a t ,  
o r i g i n a t e d  as r e s i d u e s  from a l g a l  and m i c r o b i a l  sou rces .  

Van Krevelen  ( 8 )  and Breger  ( 9 )  r ecogn ized  t h a t  c o a l  a s  we l l  a s  kerogen  in 
s h a l e s  i s  a mix tu re  of v a s c u l a r  p l a n t  and a l g a l  remains  t h a t  had undergone 
c o a l i f i c a t i o n .  Inasmuch as the  two s o u r c e  components va ry  wide ly  i n  chemica l  
compos i t ion  and s t r u c t u r e ,  t h e  t e r r e s t r i a l  component he ing  h i g h l y  a romat i c  and low 
i n  hydrogen and t h e  a q u a t i c  component b e i n g  h i g h l y  a l i p h a t i c  and h igh  i n  hydrogen, 
i t  seemed l o g i c a l  t o  conclude  t h a t  c o a l  formed from t h e  mixture  of t h e s e  components 
would have a chemica l  compos i t ion  dependent  on  t h e  r e l a t i v e  c o n t r i b u t i o n s  from each  
o f  t h e  two sources .  Coal de r ived  p redominan t ly  from t h e  remains of v a s c u l a r  p l a n t s  
i s  termed "humic c o a l " ,  and t h a t  d e r i v e d  predominant ly  from a l g a l  remains  is termed 
" s a p r o p e l i c  c o a l " .  Although many c o a l s  a r e  e i t h e r  e x c l u s i v e l y  hunic  or s a p r o p e l i c ,  
mixed v a r i e t i e s  a r e  a l s o  abundant .  
d i d  not  have t h e  c u r r e n t l y  a v a i l a b l e  s o p h i s t i c a t e d  t o o l s  f o r  s t r u c t u r a l  a n a l y s i s  
f o r  d e f i n i n g  and q u a n t i f y i n g  t h e  two i n d i v i d u a l  components. 
l a c k  of informatLon has  e x i s t e d  conce rn ing  t h e  chemica l  s t r u c t u r e s  of  c o a l  and 
kerogen .  

Most s t r u c t u r a l  models f o r  c o a l  a r e  based on v i t r i n i t e  and i g n o r e  t h e  f a c t  

U n f o r t u n a t e l y ,  van Krevelen  (8)  and Rreger  ( 9 )  

As a r e s u l t ,  a g e n e r a l  
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In t h i s  s t u d y ,  we have used t h e  p r i n c i p l e s  advoca ted  hy van Rreve len  (8) and 
Rreger (9) and have examined t h e  chemical  s t r u c t u r e  and c o q o o s i t i o n  o f  t h e  humic 
and s a p r o p e l i c  c o n t r i b u t o r s  t o  c o a l  and ke rogen  hy s o l i d - s t a t e  I 3 C  NMR u s i n g  t h e  
t echn ique  of  c r o s s  p o l a r i z a t i o n  and magic-angle s p i n n i n g  (CPMAS). T h i s  h a s  heen  
accomplished by examina t ion  of  modern (Holocene)  p r e c u r s o r s  o f  bo th  humic and 
s a p r o p e l i c  c o a l  ( p e a t  and s a p r o p e l ) ,  and by s t u d y  o f  c o a l  and kerogen.  

NETHODS 
i 

Sample p r e p a r a t i o n  

Samples of p e a t ,  s a p r o p e l ,  and c o a l  were a i r - d r i e d  o r  f r e e z e - d r i e d  and t h e n  
1 

ground,  using a mortar and p e s t l e  o r  a d i s c  g r i n d e r ,  t o  pas s  a l(l9-mesh s c r e e n .  
The p e a t s  and s a p r o p e l s  were t r e a t e d  s e q u e n t i a l l y  w i t h  a l : l ( v / v )  benzene/methanol  
mix tu re ,  a 0.1 N aqueous Y C 1  s o l u t i o n ,  and a 0.5 N aqueous NaOB s o l u t i o n  t o  
i so l a t e ,  a s  r e s i d u e s ,  t h e  j n s o l u h l e  f r a c t i o n s  from each .  These r e s i d u e s  (humin) 
were then  f r eeze -d r i ed  and s t o r e d .  The i n s o l u h l e  r e s i d u e s  i s o l a t e d  i n  t h i s  way 
from t h e  s a p r o p e l s  were a d d i t i o n a l l y  t r e a t e d  w i t h  a l : l ( v / v )  c o n c e n t r a t e d  HCl/YF 
mix tu re  t o  remove t h e  m i n e r a l  matter and h y d r o l y z a b l e  s u b s t a n c e s .  These r e s i d u e s  
were then  a l s o  f r eeze -d r i ed  and s t o r e d .  

Nuclear  magnet ic  r e sonance  

1 3 C  NMR s p e c t r a  were o h t a i n e d  a t  a f i e l d  s t r e n g t h  o f  1.4 T. D e t a i l s  of  t h e  
method have been puh l i shed  (10 ) .  

RESULTS AND 3ISCUSSION 

Holocene p r e c u r s o r s  of c o a l  

The Everglades of F l o r i d a  and t h e  Dkefenokee Swamp of Georgia  are Holocene 
p r e c u r s o r s  of a n c i e n t  peat-forming swamps. Although v a s c u l a r  ( t e r r e s t r i a l )  p l a n t s  
c o n t r i b u t e  g r e a t l y  t o  such  p e a t ,  a q u a t i c  p l a n t s  make s u b s t a n t i a l  c o n t r i b u t i o n s .  
Because t h e  mix tu re  o f  t e r r e s t r i a l  and a q u a t i c  o r g a n i c  d e h r i s  t e n d s  t o  ohscu re  
d e t e r m i n a t i o n s  of  t h e  t r u e  chemical  s t r u c t u r e  of c o a l ,  we dec ided  t o  examine 
t h e  changes t h a t  wood undergoes when i t  i s  b u r i e d  under a n a e r o b i c  c o n d i t i o n s  and 
c o a l i f i e d .  Fig. 1 shows t h e  CPYAS 1 3 C  NElR s p e c t r a  o f  samples  of  modern sp ruce  
wood and t h e  Same type  of  wood 5 u r i e d  a n a e r o b i c a l l y  f o r  v a r i o u s  l e n g t h s  of  t i m e .  
These s p e c t r a ,  i n  p a r t  puh l i shed  e a r l i e r  ( l l ) ,  demons t r a t e  t h a t  Carbohydrates  
(peaks  a t  65,  72-85, 106 pprn) decompose and a r e  removed from wood d u r i n g  
d i a g e n e s i s  and t h a t  l i g n i n  (peaks  a t  55, 120,  130, 150 ppm) i s  c o n c e n t r a t e d  by 
d i f f e r e n c e  i n  t h e  r e s i d u e .  The s i g n a l  a t  55 ppm i n  l i g n i n  is caused hy methoxyl 
c a r b o n s  and t h e  s i g n a l s  a t  120, 130 and 150  pprn a r e  due t o  a r o m a t t c  ca rbons  ( t h e  
peak a t  150 ppm is t h a t  of  oxygen- subs t i t u t ed  aromatic c a r b o n s ) .  The spectrum of 
a Niocene brown c o a l  ( F i g .  1) is n e a r l y  i d e n t i c a l  t o  t h a t  of  p e r i o d a t e  l i g n i n .  
Our conc lus ion  i s  t h a t  l i g n i n  i s  r e l a t i v e l y  u n a f f e c t e d  and remains r e l a t i v e l y  w e l l  
p re se rved  under a n a e r o b i c  c o n d i t i o n s ,  whereas c e l l u l o s e  and o t h e r  c a r b o h y d r a t e s  
a r e  degraded and removed from t’le wood. L ign in  and c e l l u l o s e  a r e  t h e  major  
components of v a s c u l a r  p l a n t s .  In a p e a t  swamp, t h e  c e l l u l o s e  p r e d i c t a b l y  would 
be  decomposed when wood is  hur i ed  a n a e r o b i c a l l y ;  in c o n t r a s t ,  l i g n i n  would h e  
c o n c e n t r a t e d  d i f E e r e n t i a l l y .  Because i t  i s  i n s o l u b l e ,  t h e  l i g n i n  would be  
c h a r a c t e r i z e d  a s  humin. 

swamp dominated by non-woody v a s c u l a r  p l a n t  r e q a i n s ,  t w o  c o r e s  o f  p e a t  were c o l l e c t e d  
where sawgrass  i s  t h e  dominant v e g e t a t i o n .  The f i r s t ,  t h e  b a s a l  2.2 m of  a 16-m 
c o r e ,  was c o l l e c t e d  nea r  t h e  c o n t a c t  of  a p e a t  u n d e r l y i n g  a s a p r o p e l  in Mangrove 

To de te rmine  whether  t h e  same c o a l i f i c a t i o n  p r o c e s s e s  a r e  e f f e c t i v e  i n  a pea t  
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Lake, Renuda .  Th i s  sawgrass  p e a t  w a s  formed a t  t h e  t i m e  of a lower s t a n d  of 
water  i n  t h e  l a k e  approx ima te ly  10,000 y e a r s  ago  (12). The sawgrass  pea t  was 
s e c t i o n e d  and t r e a t e d  t o  i s o l a t e  humin, t h e  major component of t h e  pea t .  The 
CPblA.5 NNR s p e c t r a  of humins i n  f o u r  s t r a t i g r a p h i c  l a y e r s  a r e  shown i n  F ig .  2 .  

demonst ra te  t h a t  h i g h l y  a r o m a t i c  v a s c u l a r  p l a n t  r e s i d u e s  a r e  predominant ,  a s  l a r g e  
peak i n t e n s i t i e s  a r e  ohserved  i n  t h e  a r o m a t i c  r e g i o n  (110-160 ppm). 
of  s t r o n g  s i g n a l s  f o r  oxygen- subs t i t u t ed  a r o n a t i c  ca rbons  (150 ppm) and f o r  
a e t h o x y l  ca rhons  (55  ppm) i n  a l l  t h e  s p e c t r a  i n d i c a t e  t h a t  l i gn in -de r ived  
s t r u c t u r e s  abound. An a d d i t i o n a l  peak i s  ohserved  i n  t h e  p a r a f f i n i c  ca rbon  
r e g i o n  (0-50 ppm) of some s p e c t r a  of  t h e  humins. Though i t  is inconsp icuous  i n  
t h e  more deep ly  bu r i ed  o r  o l d e r  c o r e d  p e a t  u n i t s ,  t h i s  a l i p h a t i c  peak i s  more 
pronounced i n  t h e  sha l lower  o r  younger  co red  p e a t  u n i t s ,  where c o n d i t i o n s  a t  t he  
t i m e  o f  d e p o s i t i o n  were p rohah ly  beg inn ing  t o  he  more conducive  t o  t h e  
sed imen ta t ion  of t h e  a q u a t i c  s a p t o p e l  ohserved  immedia te ly  above i t  i n  t h e  co re .  
The s p e c t r a ,  appear  t o  i n d i c a t e  a d e c r e a s i n g  t r e n d  i n  t h e  c o n c e n t r a t i o n s  of 
ca rbohydra t e s  (peak a t  72 ppm) a s  a f u n c t i o n  of dep th .  The ca rhohydra t e s  do not 
appea r  t o  he  major components which i s  i n  agreement wi th  t h e  r e s u l t s  of  c h e a i c a l  
a n a l y s e s  puh l i shed  by Hatcher  ( 1 2 ) .  

o f  The Everg lades ,  F l o r i d a .  The v e g e t a t i o n  i n  t h i s  a r e a  o f  The Everg lades  i s  
a l s o  dominated hy sawgrass ,  h u t  p e r i p h y t o n  a l g a e  and o t h e r  s p e c i e s  of a l g a e  t h a t  
f o r n  mats a r e  a l s o  v e r y  common. The p e a t  a t  t h i s  s i t e  i s ,  t h e r e f o r e ,  r e c e i v i n g  
c o n t r i b u t i o n s  of o r g a n i c  m a t t e r  from m u l t i p l e  sou rces .  A 95-cm c o r e  of t h e  pea t ,  
s t u d i e d  by Rreger  zt. ( 1 3 ) ,  was s e c t i o n e d ,  and samples from s i x  s t r a t i  r aph ic  
u n i t s  were t r e a t e d  t o  r ecove r  t’le humin i s o l a t e s  and t o  o b t a i n  t h e  CPMAS 83C NMR 
s p e c t r a  shown i n  Fig.  2. 

R e f e r r i n g  t o  t h e  humin i s o l a t e s  from t h e  p e a t  from The Everg lades  (F ig .  2 ) ,  
ca rbohydra t e  s i g n a l s  ( 7 2  and 106 ppm) and s i g n a l s  r e p r e s e n t a t i v e  o f  l i g n i n  (55,  
130, and  150 ppm) are major  c o n t r i b u t o r s  t o  t h e  t o t a l  i n t e n s i t y .  Other s i g n a l s ,  
however, such  a s  t h o s e  f o r  p a r a f f i n i c  ca rhons  (30  ppn) and f o r  ca rboxy l  ca rbons  
(175 ppm), a l s o  make major  c o n t r i h u t i o n s  t o  t h e  t o t a l  i n t e n s i t y .  The s i g n a l s  
a s s i g n e d  t o  ca rbohydra t e  ca rhons  d i m i n i s h  i n  r e l a t i v e  i n t e n s i t y  wi th  i n c r e a s i n g  
d e p t h  i n  t h e  c o r e  a s  ohserved  f o r  p e a t  from Xangrove Lake, Bermuda; t h e  
i n t e n s i t i e s  o f  t h e  nonca rhohyd ta t e  peaks  i n c r e a s e  as t h o s e  f o r  t h e  Carbohydra tes  
dec rease .  T h i s  o b s e r v a t i o n  pLobably r e f l e c t s  t h e  l o s s  of ca rbohydra t e s  w i t h  
i n c r e a s i n g  dep th  and age  in t h e  p e a t .  Given and co-workers (14 )  r e p o r t e d  a 
similar o b s e r v a t i o n  th roughou t  The Everg lades .  S rege r  et &. (13) s t u d i e d  t h e  
same samples as used i n  t h i s  s t u d y  and  r e p o r t e d  t h a t  t h e  c o n c e n t r a t i o n s  of 
h o l o c e l l u l o s e  and c e l l u l o s e  f o l l o w  t h e  same t r e n d  as t h a t  e s t a b l i s h e d  from t h e  
Mill? s p e c t r a .  

i s  p a r t i c u l a r l y  s i g n i f i c a n t  w i t h  r e s p e c t  t o  peaks r e l a t e d  t o  l i g n i n  (55 ,  130, and 
150 ppm). 
(peak  a t  175  ppm), most l i k e l y  o r i g i n a t e s  from a s o u r c e  o t h e r  t han  l i g n i n .  

mos t ly  from v a s c u l a r  p l a n t s ,  p a r a f f i n i c  s t r u c t u r e s  such  a s  those  d e t e c t e d  by CPMAS 
I 3 C  NMR have on ly  r e c e n t l y  been  de te rmined  from p e a t  ( 1 5 ) .  
be r e l a t e d  t o  t h e  nonhydro lyzah le ,  l i g n i n - f r e e  r e s i d u e s  t h a t  have been r epor t ed  
i n  p e a t  (16). 
a l g a l  o r  m i c r o b i a l  r e s i d u e s  ( 7 ) .  

a l i p h a t i c  i n  s t r u c t u r e  than  t h e i r  t e r r e s t r i a l  c o u n t e r p a r t s  (17) .  NMR s p e c t r a  
( h o t h  I H  and I 3 C  NEIR) con f i rm t h e s e  f i n d i n g s  and f u r t h e r  demonst ra te  t h a t  t hese  
a r e  h i g h l y  branched p a r a f e i n i c  s t r u c t u r e s  (18). To i n v e s t i g a t e  t h e  fo rma t ion  of 

S p e c t r a  f o r  t h e  humin i s o l a t e s  from t h e  Mangrove Lake pea t  c l e a r l y  

The presence  

The second c o r e  w a s  c o l l e c t e d  by  Z.S. A l t s c h u l e r  i n  Conse rva t ion  Distr ic t  1 A  

It is impor t an t  t o  n o t e  t h a t  the i n t e n s i t y  of p a r a f f i n i c  ca rhons  (0-50 ppm) 

Th i s  p a r a f f i n i c  component of humin, a long  w i t h  the  ca rhoxy l  group 

Though t h e  o r i g i n  of l i g n i n - l i k e  s t r u c t u r e s  and ca rbohydra t e s  i s  known t o  he 

These s t r u c t u r e s  may 

We have p r e v i o u s l y  s u g g e s t e d  t h a t  t hey  are de r ived  from s a p r o p e l i c  

Humic s u b s t a n c e s  d e r i v e d  from a q u a t i c  v e g e t a t i o n  have been shown t o  be more 
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t h e s e  p a r a f f i n i c  macromolecules,  we examined a Ilolocene a l g a l  s ap rope l  d e p o s i t e d  
i n  i4angrove Lake, Bermuda. 
o v e r l i e s  t h e  2.2-m s e c t i o n  of p e a t  examined e a r l i e r .  The s a p r o p e l  i s  c u r r e n t l y  
be ing  depos i t ed  i n  marine waters approx ima te ly  2 m deep  a t  a ra te  of accumula t ion  
O f  0 . 3  d y r  under s t r i c t  a n a e r o b i c  c o n d i t i o n s  ( 1 2 ) .  

t h e  c o r e  ( 5  m below t h e  mar ine  water-sediment i n t e r f a c e )  are shown i n  F ig .  3 .  
The s p e c t r a  c l e a r l y  demons t r a t e  t h a t  p a r a f f i n i c  ca rbons  (0-50 ppm) are t h e  
dominant s i g n a l s  in both  t h e  s a p r o p e l  and t h e  humin. The peak i n  t h i s  r e g i o n  i s  
cen te red  a t  30 ppm. The spec t rum o f  t h e  whole s a p r o p e l  shows a d d i t i o n a l  peaks a t  
72 and 106 ppm t h a t  a r e  c h a r a c t e r i s t i c  of po lysaccha r ide  ca rbons .  The l o s s  of a 
major f r a c t i o n  of  t h e  i n t e n s i t y  of  t hese  peaks i n  t h e  humin is i n d i c a t i v e  t h a t  
t h e s e  po lysaccha r ides  have been hydro lyzed  and e x t r a c t e d  by t h e  HF/HCl t r e a t m e n t  
used t o  remove mine ra l  ma t t e r .  Aromatic c a r b o n s  (peak  a t  130 ppm) and ca rboxy l  
o r  amide ca rbons  ( p e a t  a t  175 ppm) a r e  a l s o  p r e s e n t  i n  t h e s e  a l g a l  o r  m i c r o b i a l l y  
de r ived  s u b s t a n c e s  (F ig .  3 ) .  Thus, i t  a p p e a r s  t h a t  humins from Holocene a l g a l  
s ap rope l s  a r e  composed of complex p a r a f f f n i c  s u h s t a n c e s  c o n t a i n i n g  amide and 
ca rboxy l  g roups  hu t  few a r o m a t i c  s t r u c t u r e s .  

humin i s o l a t e s  of pea t .  I t  c a n  be concluded ,  t h e n ,  t h a t  t h e  a q u a t i c  m i c r o f l o r a  
of  pea t  swamps c o n t r i b u t e  t h e s e  p a r a f f i n i c  s t r u c t u r e s  t o  t h e  humin. The 
r a m i f i c a t i o n s  of  such  a c o n c l u s i o n  a r e  e x t r e n e l y  imvor t an t  when we c o n s i d e r  t h a t  
t h e s e  s t r u c t u r e s  c o n s t i t u t e  a s i g n i f i c a n t  f r a c t i o n  of t h e  humin of pea t  as 
de termined  from t h e  NllR s p e c t r a .  I n  a11  l i k e l i h o o d ,  t h e s e  p a r a f f i n i c  components 
of a l g a l  o r  m i c r o b i a l  o r i g i n  e x i s t  a s  s e p a r a t e  components of pea t .  The r e l a t i v e  
p ropor t ions  of  p a r a f f i n i c  and l i gn in -de r ived  a romat i c  components i n  t h e  humin of  
a modern p e a t  should  provide  a q u a n t i t a t i v e  e s t i m a t e  of t h e  c o n t r i b u t i o n s  from 
a l g a l  or m i c r o b i a l  r e s i d u e s  and from v a s c u l a r  p l a n t s ,  r e s p e c t i v e l y .  

A method, demonst ra ted  i n  F i g .  4 ,  w a s  a t t empted  f o r  such  q u a n t i t a t i v e  
measurements. The spec t rum of  humin from t h e  mar ine  s a p r o p e l  of Ifangrove Lake i s  
assumed t o  he r e p r e s e n t a t t v e  of complex macromolecular p a r a f f i n i c  S t r u c t u r e s  
de r ived  from a l g a l  or m i c r o h i a l  s o u r c e s ;  t h e  spec t rum of  l i g n i n  i s  presumed t o  be 
r e p r e s e n t a t i v e  of v a s c u l a r  p l a n t  c o n t r i b u t i o n s .  The d i g i t a l  d a t a  from each  
spec t rum a t e  summed i n  v a r y i n g  p r o p o r t i o n s  t o  y i e l d  f o r  each  sumnation a spec t rum 
t h a t  r e p r e s e n t s  t h e  sum of t h e  two source  c o n t r i b u t i o n s .  F ig .  4 shows t h e  r e s u l t s  
of  summing t h e  i n d i c a t e d  amounts of  l i g n i n  and humin and comparing t h e  r e s u l t a n t  
s p e c t r a  w i t h  t h a t  of hunin  from one of t h e  Eve rg lades  p e a t  samples  (30-35 cm 
s t r a t i g r a p h i c  u n i t ) .  The s imula t ed  s p e c t r u n ,  r e p r e s e n t i n g  60% a q u a t i c  humin 
mixed w i t h  40% l i g n i n ,  is n e a t l y  i d e n t i c a l  t o  t h a t  of humin from t h e  Eve rg lades  
p e a t .  T h i s  humin, t h e r e f o r e ,  i s  probably  composed of  a p h y s i c a l  mix tu re  of  60% 
humin from a q u a t i c  s o u r c e s  and 40% from v a s c u l a r  p l a n t  sou rces .  C l e a r l y ,  
t h e s e  two major components cou ld  e x i s t  a s  a mixture .  I f  t h i s  p e a t  were e v e n t u a l l y  
t o  form c o a l ,  i t  i s  l i k e l y  t h a t  t h e s e  two phases  would undergo d i f f e r e n t i a l  and 
s e p a r a t e  c o a l i f i c a t i o n .  

T rans fo rma t ions  of  Holocene hun ins  t o  c o a l  or kerogen  

Approximately 14 m of  g e l a t i n o u s  a l g a l  s a p r o p e l  

cpN& 13C NMR s p e c t r a  of  t h e  whole s a p r o p e l  and hutiin from a marine u n i t  i n  

These p a r a f f i n i c  comDounds a r e  very  l i k e l y  s i m i l a r  t o  t h o s e  observed i n  t h e  

Vascular  p l a n t  remains have been shown, i n  t h i s  s t u d y ,  t o  y i e l d  humins whose 
chemica l  composi t ions  a r e  v a s t l y  d i f f e r e n t  from t h o s e  of  a q u a t i c  p l a n t  remains .  
The re fo re ,  t h e s e  two d i f f e r e n t  m a t e r i a l s ,  when bur i ed  a n a e r o h i c a l l y  f o r  va ry ing  
amounts of g e o l o g i c  t i m e ,  n robah ly  w i l l  y i e l d  c o a l  o r  kerogen  a l s o  having  v a s t l y  
d i f f e r e n t  s t r u c t u r a l  composi t ions .  The chemica l  compos i t ions  of  humic c o a l  and 
c o a l y  kerogen  a r e  ve ry  d i f f e r e n t  from t h o s e  of a q u a t i c  kerogen  and s a p r o p e l f c  c o a l  
(9) .  Presumably,  t h e  pr imary  d i f f e r e n c e  l i e s  i n  t h e  r e l a t i v e  a r o m a t i c i t y  of humic 
c o a l s  i n h e r i t e d  from t h e  l i g n i n  of c o n t r i h u t i n g  p l a n t  matter a t  t h e  e a r l i e s t  s t a g e s  
of  d e p o s i t i o n .  We have shown t h a t  a t  t h e  e a r l y  s t a g e  o f  s ed imen ta t ion  of swanp 
v e g e t a b l e  m a t e r i a l ,  when p l a n t  remains are b u r i e d ,  i n s o l u b l e  macromolecular humins 
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a r e  most l i k e l y  formed as mixed coaponen t s  from bo th  v a s c u l a r  and a q u a t i c  p l a n t s .  
TFlese components can  be expec ted  t o  p e r s i s t  a s  m i x t u r e s  and t o  undergo s e p a r a t e  
d i a g e n e t i c  p r o c e s s e s  a t  i n d i v i d u a l  rates (19).  

C o a l i f i c a t i o n  of  v a s c u l a r  p l a n t  r ema ins  - Because ,  a s  shown, pea t  i s  most 
l i k e l y  composed of  a t  least  two major  mixed components i n  v a r i a b l e  p r o p o r t i o n s ,  
i t  i s  not  e n t i r e l y  r e p r e s e n t a t i v e  of  pu re  v a s c u l a r  p l a n t  d e b r i s .  C o a l i f i c a t i o n  
of  v a s c u l a r  p l a n t  d e b r i s  c a n  b e s t  be s t u d i e d  by t h e  examina t ion  o f  c o a l i f i e d  l o e s  
b u r i e d  i n  s h a l e  or sands tone  where c o n t r i b u t i o n  from t h e  remains  of  a q u a t i c  
p l a n t s  h a s  been minimal.  Hatcher  e t  a l .  ( 2 0 )  have r e p o r t e d ,  based on t h e i r  s tudy  
of c o a l i f i e d  logs by CPMAS 13C N M R T t h a t  c o a l i f i c a t i o n  of  wood t o  t h e  rank  of  
b i tuminous  c o a l  proceeds  i n  t h r e e  s t a g e s .  The f i r s t  s t a g e  i n v o l v e s  h y d r o l y s i s  
and removal o f  c e l l u l o s e  and concomi tan t  c o n c e n t r a t i o n  of  t h e  l i g n i q .  The 
second s t a g e  i n v o l v e s  chemica l  a l t e r a t i o n  of l i g n i n ,  whereby methoxyl groups  and 
C3 s i d e  c h a i n s  a r e  l o s t  and t h e  l i g n i n  becomes d e p l e t e d  i n  hydrogen. C o a l i f i e d  
wood of l i g n i t e  r ank ,  a product  of such  d i a g e n e t i c  changes ,  i s  formed d i r e c t l y  
Erom t h e  l i g n i n .  The t h i r d  s t a g e  i n v o l v e s  conve r s ion  of  t h e  l i g n i t e  t o  c o a l i f i e d  
wood of subbi tuminous  and h i g h - v o l a t i l e  h i tuminous  rank  v i a  t h e  loss of oxygen- 
b e a r i n g  f u n c t i o n a l  groups .  S o l u b l e ,  oxyRen-rich humic a c i d s ,  a r e  prohably  formed 
a s  p roduc t s  of t h e s e  chemica l  changes  and a r e  mob i l i zed  and t r a n s p o r t e d  from t h e  
c o a l ,  t he reby  p rov id ing  a n  e f f e c t i v e  mechanism f o r  t h e  removal of  oxygen du r ing  
t h i s  s t a g e  of  c o a l i f i c a t i o n .  The amount of p a r a f f i n i c  s t r u c t u r e s  i n  c o a l i f i e d  
l o g s  i s  sma l l .  I n  a l l  l i k e l i h o o d ,  some p a r a f f i n i c  components can  be d e r i v e d  from 
r e s i n o u s  s u h s t a n c e s  t % a t  a r e  known t o  occur  i n  wood and from r e s i d u a l  a l i p h a t i c  
s i d e  c h a i n s  of  l i g n i n .  

C o a l i f i c a t i o n  of  a q u a t i c  p l a n t  r ema ins  - Ear l ie r ,  we demonst ra ted  t h a t  humins 
i s o l a t e d  from a l g a l  s a p r o p e l  a r e  composed o f  macromolecular p a r a f f i n i c  s t r u c t u r e s  
t h a t  c o n t a i n  ca rboxy l  and amide f u n c t i o n a l  groups .  To examine t h e  t r ans fo rma t ion  
of t h i s  a q u a t i c  humin t o  a q u a t i c  kerogen  or a l g a l  c o a l ,  CPMAS I 3 C  NMR s p e c t r a  
were ob ta ined  of samples of  kerogen  and c o a l  known t o  have been d e r i v e d  f r o q  
a q u a t i c  sou rces .  These samples  r ange  in age  from iJpper P a l e o z o i c  t o  Miocene; 
t h e i r  spectra are shown i n  F ig .  5. The samples  i n c l u d e  a Miocene s a p r o p e l i c  c o a l  
from Turow, Po land ,  kerogen  from t h e  Eocene Green R i v e t  Format ion  (Yahogany zone ) ,  
a n  Upper P a l e o z o i c  Tasmanian t a s m a n i t e  c o n s i s t i n g  main ly  of  s p o r e s  of t h e  a l g a  
Tasmani tes ,  and an  A u s t t a l i a n  t o r b a n i t e  (Upper P a l e o z o i c  hoghead c o a l ) .  

a l i p h a t t c  w i t h  a major  peak c e n t e r e d  a t  30 ppm. Th i s  peak i s  a l s o  t h e  most 
i n t e n s e  peak i n  t h e  spec t rum of  humin from Mangrove Lake a l s o  shown i n  F ig .  5. 
P a r a f f i n i c  s t r u c t u r e s  of t h e  type  de te rmined  t o  be i n  humin of Holocene sed iments  
are a p p a r e n t l y  preserved  th rough  t i m e .  E l emen ta l  d a t a  s u g g e s t  a h i g h l y  a l i p h a t i c  
s t r u c t u r e ;  a tomic  a / C  r a t i o s  of a p p r o x i m l t e l y  1.5 f o r  n e a r l y  a l l  samples sugges t  
t h a t  t h e s e  p a r a f f i n i c  s t r u c t u r e s  a r e  h i g h l y  c r o s s - l i n k e d  and similar t o  t h o s e  of 
t h e  humin from Mangrove Lake. Pub l i shed  r e p o r t s  d e a l i n g  w i t h  kerogen  from t h e  Green 
R ive r  Formation have i n d i c a t e d  t h a t  t h e  s t r u c t u r e  is t h a t  of a h i g h l y  c ros s - l inked  
p a r a f f i n i c  macromolecule ( 2 1 ) .  Young and Yen ( 2 1 )  proposed t h a t  t h e  kerogen  i s  
composed o f  fused  a l i c y c l i c  r i n g s  grouped i n  c l u s t e r s  t h a t  are jo ined  by long- 
c h a i q  polymethylene b r i d g e s .  Such a s t r u c t u r e  would have an  il/C r a t i o  of 
approx ima te ly  1.5, c o n s i s t e n t  w i th  t h e  o h s e r v a t i o n s  made i n  t h i s  p r e s e n t  s tudy .  

because  such s p e c t r a l  s i m i l a r i t i e s  r e i n f o r c e  nrguments conce rn ing  t h e  o r i g i n  and 
format ion  of a q u a t i c  kerogen  o r  a l g a l  c o a l .  
Miocene s a p r o p e l i c  c o a l  from Poland i s  n e a r l y  i d e n t i c a l  t o  t h a t  of humin from 
Mangrove Lake, Rermuda. 
amounts of c a r h o h y d r a t e / e t h e r  c a r b o n s  having  a peak a t  72 ppm and of  ca rboxy l  or 
amide carbons  a t  175  ppm. 

I 

It  is s t r i k i n g l y  a p p a r e n t  t h a t  a l l  s p e c t r a  of  a q u a t i c  kerogen  a r e  predominant ly  

The s i m i l a r i t y  between t h e  v a r i o u s  s p e c t r a  i n  F ig .  5 should  be emphasized 

In many r e s p e c t s  t h e  spec t rum o f  t he  

The o n l y  d i E f e r e n c e s  a p u e a r  t o  he  i n  t h e  r e l a t i v e  

Both of  t h e s e  f u n c t i o n a l  g roups  are thought  t o  
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d i m i n i s h  i n  c o n c e n t r a t i o n  d u r i n g  c o a l i f i c a t i o n  ( 2 ) .  
l e a d s  t o  s p e c t r a  similar t o  t h o s e  of kerogen from t h e  S reen  R ive r  Format ion ,  
Tasmanian t a sman i t e ,  and t h e  A u s t r a l i a n  t o r h a n i t e .  These d e t e r m i n a t i o n s  a r e  
C o n s i s t e n t  wi th  t h o s e  d e r i v e d  from e lemen ta l  d a t a  t h a t  i n d i c a t e  a s i g n i f i c a n t  
r e d u c t i o n  in t h e  amount of oxygen a s s o c i a t e d  w i t h  t h e s e  f u n c t i o n a l  groups .  

The NMR d a t a  c o n s i s t e n t l y  show t h a t  d i a g e n e t i c  changes  i n  t h e  samples o f  
a q u a t i c  kerogen and boehead c o a l  p r i m a r i l y  invo lve  l o s s  of  ca rbons  a s s o c i a t e d  
wi th  oxygenated f u n c t i o n a l  groups  such  t h a t ,  on ly  p a r a f f i n i c  s t r u c t u r e s .  w i th  a 
s m a l l  percentage  of a r o m a t i c  s t r u c t u r e s ,  a r e  l e f t  a s  r e s i d u e s ,  w i th  i n c r e a s i n g  
r ank  o f  t h e  coa l .  Secause  e l emen ta l  d a t a  demons t r a t e  t h a t  H / C  r a t i o s  a r e  r easonab ly  
c o n s t a n t  th roughout  t h i s  p rocess ,  t h e  h i g h l y  c r o s s - l i n k e d  p a r a f f i n i c  s t r u c t u r e s  
t h a t  a r e  formed a t  t h e  e a r l i e s t  s t a g e s  of  d e p o s i t i o n  in s a p r o p e l  remain v i r t u a l l y  
unchanged du r ing  t h i s  s t a g e  of d i a g e n e s i s .  

C o a l i f i c a t i o n  of pea t  

Continued lo s s  o f  such peaks 

E a r l i e r ,  we demonst ra ted  t h a t  modern p e a t  i s  n o s t l y  l i k e l y  composed of  t h e  
remains of  bo th  a q u a t i c  and v a s c u l a r  p l a n t s  and t h a t  t h e s e  two k inds  of  v e g e t a t i o n  
produced humic s u b s t a n c e s  whose chemica l  s t r u c t u r e s  were v a s t l y  d i f f e r e n t .  Pea t ,  
o f  mixed p l a n t  s o u r c e s ,  e v e n t u a l l y  f o r m  hedded c o a l  and  we c a n ,  t h e r e f o r e ,  expec t  
t h e  i n d i v i d u a l  p l a n t  remains t o  c o n t r i b u t e  t h e i r  c h a r a c t e r i s t i c  chemica l  components 
t o  t h e  coa l .  These components ( m a c e r a l s )  cou ld  e v t s t  a s  mix tu res  i n  much t h e  
same way a s  they e x i s t  in peat .  The r e l a t i v e  anoun t s  of  each  component w i l l  
depend on t h e  r e l a t i v e  c o n t r i b u t i o n s  of  a q u a t i c  o r  v a s c u l a r  p l a n t s .  Thus, where 
c o a l  i s  predominant ly  composed of v a s c u l a r  p l a n t  remains ,  t h e  c o a l  will be 
a humic c o a l  composed predominant ly  of  l i gn in -de r ived  a r o m a t i c  s t r u c t u r e s  and 
r e s i n o u s  p a r a f f i n i c  s t r u c t u r e s .  Where t h e  c o a l  i s  predominant ly  composed o f  
a q u a t i c  p l a n t  d e h r i s ,  t h e  c o a l  will be composed of predominant ly  p a r a f f i n i c  
s t r u c t u r e s  and will be c a l l e d  a s a p r o p e l i c  o r  a l g a l  c o a l .  Consequent ly ,  c o a l  
de r ived  from mix tu res  of a q u a t i c  and v a s c u l a r  p l a n t  r e s i d u e s  will be composed 
of a mix tu re  of a r o m a t i c  and p a r a f f i n i c  s t r u c t u r e s .  

CPMAS 13C M<R s p e c t r a  of  samples of  hedded c o a l  up t o  t h e  r ank  o f  b i tuminous  
c o a l  have heen pub l i shed  e l sewhere  ( 2 2 ) .  Some of t h e  pub l i shed  s p e c t r a  a r e  shown 
in Fig .  6 a long  wi th  similar s p e c t r a  o f  The Everg lades  p e a t  and t h e  Rrandon l i g n i t e  
( sample  ob ta ined  from Rut land  County, Vermont, n e a r  Brandon).  30 th  a romat i c  and 
p a r a f f i n i c  ca rhons  a r e  t h e  dominant coTponents of  a l l  s p e c t r a .  Oxygenated ca rbons  
a s s o c i a t e d  wi th  Eunct iona l  groups  such  as methoxyl ,  c a r b o h y d r a t e ,  a l c o h o l i c ,  
c a r h o x y l i c ,  and pheno l i c  groups  d e c r e a s e  in r e l a t i v e  abundance wi th  i n c r e a s i n g  
rank as expec ted .  However, a r o m a t i c i t y  does  no t  appea r  t o  f o l l o w  any p a t t e r n  a s  
rank  i n c r e a s e s .  A r o m a t i c i t i e s  c a l c u l a t e d  from i n t e g r a t i o n  o f  t h e  a romat i c  r e g i o n  
(100-160 ppm) of  t h e s e  s p e c t r a  (Tab le  1 )  a r e  p l o t t e d  a g a i n s t  t h e  ca rbon  c o n t e n t  a s  
t h e  rank  parameter  i n  rig. 7. Data ob ta ined  by Miknis et&. ( 2 2 )  f o r  9 samples  
o f  c o a l  a r e  p l o t t e d  in F i g .  7, which shows t h a t ,  i n  c o a l  having  a r ank  e q u a l  t o  o r  
lower than  t h a t  o f  h i g h - v o l a t i l e  b i tuminous  c o a l ,  a poor c o r r e l a t i o n  e x i s t s  hetween 
a r o m a t i c i t y  and rank. I n  p l o t t i n g  F ig .  7, t h e  peak f o r  p a r a f f i n i c  carbons  w a s  
t aken  a t  30 ppm f o r  a l l  t h e  s a a p l e s ;  as shown in Fig .  5,  t h e  major p a r a f f i n i c  peak 
occur red  a t  t h i s  v a l u e  ( 3 0  ppm) in s p e c t r a  f o r  t h e  s a p r o p e l s  and a q u a t i c a l l y  de r ived  
kerogens.  The i n c o r p o r a t i o n  o f  v a r i a b l e  pe rcen tages  o f  such  s a p r o p e l i c  s u b s t a n c e s  
i n  t h e  p e a t  p r e c u r s o r s  of c o a l  would e x p l a i n  why a r o m a t i c i t i e s  do no t  c o r r e l a t e  
w e l l  w i th  r ank ,  a s  would be expec ted  i f  i t  i s  assumed t h a t  i n c r e a s i n g  c o a l i f i c a t i o n  
l e a d s  t o  a romat ic - r ing  condensa t ion  ( 2 ) .  The r e l a t i o n s h i p  between r ank  and aroma- 
t i c i t y  up t o  t h e  r ank  o f  h i g h - v o l a t i l e  b i tuminous  c o a l ,  t h e r e f o r e ,  depends on two 
b a s i c  f a c t o r s :  1 )  t h e  pe rcen tage  of p a r a f f i n i c  component i n  t h e  p e a t ,  and 2)  t h e  
r e l a t i v e  r a t e s  o f  a r o m a t i z a t i o n .  
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NO. 

1 
2 
3 
4 
5 
6 

7 

8 

9 

- 

Tahle  1. Source ,  ca rbon  c o n t e n t ,  and carhon a r o m a t i c i t i e s  of coa l  
samples  examined by CPMAS I3C NtlR 

C(%maf) f a *  ~- Sample O r i g i n  

Brandon l i g n i t e  
North Dakota l i g n i t e t  
Wyoming subbi tuminous  C t  
Wyoming subbi tuminous  R t  
llyoaing subhi tuminous  At 
Her r in  h i g h - v o l a t i l e  C 

Her r in  h i g h - v o l a t i l e  C 

H igh-vo la t i l e  B 

High-vo la t i l e  A 

B i  tuminous t  

R i  t umi n o u s t  

Biturninoust 

a i  t urninoils + 

Brandon, V t .  63.5 
F o r t  Union Fm., N. Dak. 79.2 
Powder R ive r  Bas in ,  Idyo. 73.7 
Powder River  Bas in ,  Wyo. 74.6 
ilanna Bas in .  Wyo. 72. 7 
H e r r i n  ( N o .  6) c o a l  member, 71.9 

H e r r i n  ( N o .  5 )  c o a l  member, 77.2 
Carbondale  Format ion ,  Ill .  

Carbondale  F o r n a t i o n ,  Ill .  

member, Carhondale  Format ion ,  I l l .  
Summum (No. 4 )  c o a l  member, 79.6 
Ill. 

H a r r i s b u r g  (No. 5) Coal S l . 0  

0.52 
0.66 
9.61 
0.60 
0.65 
0. 72 

0.66 

0. 70 

0.73 

Data of  Miltnis e t  a l .  422) 
* Carbon a r o m a t i c E y T  C NMR i n t e n s i t y  of t h e  a r o m a t i c  r e g i o n / t o t a l  NMR i n t e n s i t y  

A t h i r d  p o t e n t i a l  c o n t r i b u t i o n  t o  p e a t  t h a t  c a n  l a t e r  be  i d e n t i f i e d  i n  bedded 
c o a l  i s  r e s i n  d e r i v e d  from c o n t r i b u t i n g  t r e e s .  !Je have p rev ious ly  noted t h a t  
some c o a l i f i e d  l o g s  have  r a t h e r  h igh  p a r a f f i n i c  c o n t e n t s  even  though they  have 
never been s u b j e c t e d  t o  swamplike c o n d f t t o n s  (20 ) .  P e t r o g r a p h i c  o h s e r v a t i o n s  
have i n d i c a t e d  t h e s e  l o g s  t o  c o n t a i n  unusua l ly  h igh  c o n c e n t r a t i o n s  of wood r e s i n s .  
A s  f u r t h e r  examples o f  r e s i n o u s  c o a l ,  CPYAS s p e c t r a  have heen o b t a i n e d  f o r  
a l i g n i t e  c o l l e c t e d  from t h e  Wilcox Group of  Arkansas,  f o r  c o a l  r e s i n  i s o l a t e d  
from t h e  Brunner c o a l  of New Zealand  ( c o l l e c t e d  by t h e  l a t e  J.M. Schopf and  taken 
f r o n  h i s  c o l l e c t i o n ) ,  and f o r  f o s s i l  amber. The spec t rum f o r  t h e  l i g n i t e  (F ig .  8 )  
i l l u s t r a t e s  n e a r l y  e q u a l  p r o p o r t i o n s  of p a r a f f i n i c  and a romat i c  carbons .  Xoreover,  
t h e  peaks f o r  t h e  a r o m a t i c  ca rhons  a r e  s imilar  t o  co r re spond ing  peaks f o r  o t h e r  
l i g n i t e s  (F ig .  5 ) .  The peaks f o r  t h e  p a r a f f i n i c  ca rbons  of t h e  Wilcox l i g n i t e  a r e  
a lmost  i d e n t i c a l  t o  t h o s e  €o r  t h e  r e s i n  and amber ( 2 2  and 3 7  ppm). F ig .  8 c l e a r l y  
shows t h a t  t h e  p a r a f f i n i c  ca rbons  of t h e  i J i l cox  l i g n i t e  a r e  a s s o c i a t e d  wi th  i t s  
r e s i n  con ten t .  

P a r a f f i n i c  components of  c o a l s  c a n  t h u s  have m u l t i p l e  o r i g i n s .  I n  t h e  
Vi l cox  l i g n i t e ,  r e s i n s  predominate ;  however, i n  o t h e r  c o a l s ,  such  as  t h e  Brandon 
l i g n i t e ,  a l g a l  or m i c r o b i a l  s a p r o p e l s  have probably  c o n t r t b u t e d  t o  t h e  chemica l  
s t r u c t i l r e  of  t h e  c o a l .  These s u b s t a n c e s  shou ld  no t  he  confused  a s  he ing  p a r t  of 
a hydroaromat ic  s t r u c t u r a l  complex. Ra the r ,  t h e s e  a l i p h a t i c  s u h s t a n c e s ,  s a p r o p e l i c  
o r  r e s i n o u s  i n  o r i g i n ,  r e p r e s e n t  a component o r  components of a coal which, i f  
t h e  means were a v a i l a b l e ,  c o u l d  he s e p a r a t e d  from t h e  a romat i c  components. 

CONCLUSIONS 

The fo l lowing  c o n c l u s i o n s  have been  reached  on t h e  b a s i s  of ou r  s t u d i e s :  
1) Logs t h a t  have  been c o a l i E i e d  on b u r i a l  i n  s ands tone  o r  o t h e r  sed imentary  

e n v i r o m e q t s  in t h e  absence  of  swamplike c o n d i t t o n s  normal ly  have a small amount 
of p a r a f f i n i c  ca rbons .  
have a s i g n i f i c a n t  pe rcen tage  of  p a r a f f i n i c  ca rbons .  

The p a r a f f i n i c  c a r b o n s  of bedded c o a l s  g e n e r a l l y  o r i g i n a t e  from t h e  a l g a l ,  
m i c r o b i a l ,  and p l a n k t o n i c  organisms o f  t h e  pea t - forming  swamp water. Res idues  of 
t h i s  h i o t a  a r e  i n t i m a t e l y  mtxed wi th  r e s i d u e s  o f  t h e  decomposing v a s c u l a r  p l a n t s .  

The a r o m a t i c  components of c o a l ,  a t  l e a s t  up t o  the  rank  o f  h i g h - v o l a t i l e  
b i tuminous  c o a l ,  a r e  d e r i v e d  from t h e  l i g n i n  o f  v a s c u l a r  p l a n t s .  These components 
are  s e p a r a t e  and d i s t i n c t  from r e s i n s  and a q u a t i c  p l an t -de r ived  components and ,  
i f  means were a v a i l a b l e ,  might be s e p a r a t e d .  

Only t h o s e  logs c a r r y i n g  i n h e r e n t  r e s i n o n s  m a t e r i a l  may 

2 )  

3)  
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\ 
i' 4 )  P rev ious  chemica l  s t r u c t u r e s  proposed € O K  c o a l  t h a t  are  base?  o n  o x i d a t t v e ,  

r e d u c t i v e ,  O K  o t h e r  d e g r a d a t i v e  t echn iques  a r e  i n v a l i d  i f  t h e  t e c h n i q u e s  a r e  

\ t h e  a n a l y t i c a l  p rocedures  r e p r e s e n t  f ragments  d e r i v e d  from "a c o a l  s t t u c t u r e . "  

I 

based on t h e  assumpt ion  t h a t  t h e  a romat i c  and a l i p h a t i c  p roduc t s  recovered  i n  
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Fig .  1. CPMAS 13C NMX s p e c t r a  of modern s p r u c e ,  a l i g n i n  i s o l a t e  from 
modern s p r u c e ,  and c o n i f e r o u s  woods bu r i ed  f o r  v a r i o u s  l e n g t h s  
of  t ime  i n  s ed imen t s .  A l l  s p e c t r a ,  excep t  t h a t  of modern s p r u c e ,  
a r e  reproduced  from Hatcher  &. (11). 
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Fig .  2 .  CPMAS 13C NMR s p e c t r a  of humin i s o l a t e s  from v a r i o u s  sample 
d e p t h s  i n  p e a t  from Mangrove Lake, Bermuda, and The Everg lades ,  
F l o r i d a .  
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F i g .  3. CPMAS 13C NMR s p e c t r a  of  samples  of whole s a p r o p e l  and humin from 

a d e p t h  of 5 m i n  a c o r e  of sed iments  from Mangrove Lake, Bermuda. 
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Fig .  4 .  CPMAS 13C NMR s p e c t r a  o f  humin from t h e  mar ine  s a p r o p e l  o f  Mangrove 
Lake ( A ) ,  s imula t ed  s p e c t r a  o b t a i n e d  by summation of t h e  s a p r o p e l  
and l i g n i n  s p e c t r a  i n  t h e  p r o p o r t i o n s  i n d i c a t e d  (B-D) ,  humin from 
t h e  Eve rg lades  p e a t  a t  a d e p t h  of 30-35 cm ( E ) ,  and p e r i o d a t e  l i g n i n  (F) .  
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Fig. 7. Carbon aromaticities plotted against carbon contents ( X ,  moisture 
and ash-free basis) for samples of lignite, subbituminous coal, and 
bituminous coal listed in Table 1. 
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Fig. 8. CPMAS I 3 C  NMR spectra of a coalified log f r o m  the Wilcox Group i n  
the Reynolds bauxite pit near Malvern, Arkansas, resin from coal of 
the Brunner mine near Bul le r  Gorge, New Zealand, and amber. 
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